Consolidation of soil 175 


CHAPTER 9 

CONSOLIDATION 

OF 

SOIL 
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The volume of a soil mass is decreased under stress. This decrease is known as 
compression, and the capacity of soil to decrease in volume under stress is 
know as compressibility. A soil considered as a skeleton of solid particles 
enclosing voids which may be filled with air or water. 
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9.1 Compressibility 

Compression of soil may be due to: 

(a) Decrease in volume of solid particles. 

(b) Decrease in volume of voids. 

Under the loads usually applied to soil mass, the decrease in the volume of 
solid particles is very small and it is reasonable to assume that the decrease in 
the volume of voids. If the voids are filled with air, compression will occur 
rapidly, since air is compressible and can escape easily from the voids. On the 
other hand, if the voids are filled with water, decrease in volume can be only 
take place when the water is expelled out (aAA) of the voids (assuming water 
is incompressible). In partly saturated soils, compression is accompanied by 
expulsion and compression of air and its partial dissolution (ukj^) in water. 
Water may be also be expelled depending on the degree of saturation. It is 
important to note that while the decrease in volume of soil can be affected by 
vibration or mechanical means, such as tamping (<jjda) or compaction, the 
term compressibility is used to indicate the capacity of soil to decrease in 
volume under sustained ( j^W) compressive stresses only. 

The compressibility of a soil mass depends on the structural arrangement of 
particles, and in fine grained soils on the degree to which adjacent particles are 
bonded together. A loose soil is more compressible than a dense one. Also a 
soil composed predominantly (Al^) of flat particles is more compressible than 
that containing mostly spherical particles. 


9.2 Compression and consolidation of laterally confined soil 

' fai 'Uj 1 A' lil » . >i 'I 

If a laterally confined soil specimen fitted with porous stones at top and 
bottom is subjected to a static stress increment (Ag), compression of the soil 
will take place resulting in a decrease of the specimen thickness. As mentioned 
earlier, if the voids are filled with air, compression will occur rapidly. If, 
however, the voids are filled with water, the stress increment will be carried by 
the pore water at the instant (kl^A) of application of the stress causing an 
access (^Au) in the pore water stress : 

Auj = Act .(9.1) 

Since water is allowed to escape through the top and bottom of the sample, the 
excess pore stress will decrease and some of the stress increment will be 
carried by the soil particles such that at any time (t): 
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Act = (Au)f + (Act')^ 


(9.2) 


where: 

(Au) t = excess pore water stress at time (t) 

(Ac') t = increase in the effective stress at time (t) 

During the process of stress transfer (JAAI) from water to soil particles, the soil 
mass decreases in volume, the volume reduction being equal to volume of 
water drained out. This phenomenon of gradual compression due to expulsion 
of water from soil voids accompanied by transfer of stress from pore water to 
soil particles caused by application of sustained external stress is known as 
primary consolidation 

The rate of compression or consolidation of a saturated soil is governed by the 
rate at which pore water escapes, and hence it is directly related to soil 
permeability. Coarse grained soils are relatively pervious and their 
consolidation is assumed to be completed as rapidly as loads can ordinarily be 
applied in the field. 
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Fig. 9.1 Time-compression relation 

Fig. 9.1 shows a time-compression relationship for a load increment on two 
types of soil, sand and clay. The curve for sand shows that the compression is 
almost immediate. For design purposes, the compression or settlement under a 
load increment in sandy soils is considered immediate and not affected by 
time. Fine grained soils, such as clay, possess low permeability and therefore 
require long time for consolidation. Fig. 9.1 shows a time-compression 
relationship for a load increment on both sand and clay in the one-dimensional 
consolidation test. 

The process of consolidation may be better explained with reference to a 
mechanical model. Consider a spring immersed in a cylinder fdled with water 
as shown in Fig. 9.2. 
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Fig. 9.2 Mechanical modelling of the consolidation process 

The cylinder is fitted with a tight piston which contains a stop cock. The 
stopcock is closed and a weight 10 kg is placed on the piston. Since in this 
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case (b) the water can not escape, the piston will remain in its position, and the 
spring will not decrease in length, i.e. no load is carried by the spring, and all 
the external load is carried by the water, causing an excess water stress. If the 
valve is opened as in case (c), water will escape due to its high stress the flow 
of water will continue until the excess water stress is equal to zero. During this 
process, the volume of water will decrease causing the piston to move 
downwards. The spring will consequently decrease in length, i.e. there will be 
a gradual increase of the load carried by the spring. Cases (c) to (f) represent 
the conditions after the stopcock is opened. The length of time required for the 
spring to reach the final length and carry all the external load depends on the 
rate of water dissipation, and hence the size of the stop cock opening. 

In addition, if the spring is more compressible, more water would escape and 
consequently a longer time would be required for the spring to reach its final 
length. In the above mechanical model, the spring represents the compressible 
soil skeleton of a mass of saturated soil, and the water in the cylinder 
represents the water in the voids of the soil (pore water). The stopcock 
opening represents the compressibility of the required for consolidation 
increase with both the increase of soil’s compressibility and decease of its 
permeability. 

9.3 Compression characteristics (Jati^aiVI 

Consider a sample of clay having the consistency of slurry (A?jj) and subjected 
to consolidation in the vertical direction only, i.e. one dimensional 

consolidation. At the start, the void ratio of the sample is (e Q ). Then, the 

i 

sample is subjected to a stress of 0.25 kg/cnf. Consolidation will start and the 

void ratio will decrease gradually until at the end of the consolidation stage a 

2 

void ratio of (e 0.25 < e G ) is reached. At this point: c' = 0.25 kg/cnf. 

2 

If an increment of stress (Ac) = 0.25 kg/cnf is applied to the sample, and 

again the sample is allowed to consolidate, the effective stress will be 0.5 

2 

kg/cnf and (e 0.5 < e 0.25 < e o)- By applying more increments of loading, a 
relationship between the effective stress (a') and the final void ratio at the end 
of each load increment can be obtained. Fig. 9.3 (a) shows such relationship 
for remoulded clay (curve AE) and sand (curve LM). 
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Fig. 9.3 Effective stress - void ratio relation 


If at any stage of the test, such as point (B), the stress is reduced to zero and 
the specimen is allowed to take up water and expand, the expansion, or 
swelling curve (BC) is obtained. After expansion, the soil does not return to its 
original void ratio (e 0 ). This indicates a permanent change in volume, mainly 
due to the irreversible orientation undergone by the soil particles during 
compression. When the specimen is reloaded from zero to stress intensity of 
maximum previous compression (i.e. a' at B), the recompression curve (CD) 
is obtained. The reloaded specimen is at slightly lower void ratio than that 

obtained during initial compression, (ep> < eg). When the stress is future 
increased beyond (D), the curve follows the initial curve (AB). Curve (AE) is 
called the virgin compression curve since at any stage in that curve the applied 
stress is always higher than that experienced by the soil at any period before. 

9.4 Coefficient of compressibility (a v ) cW** 

This is the ratio of the change in void ratio to the corresponding change in 
stress. It is equal to the numerical value of the slope of the (e - g') curve. 


A e 


(9.3) 



As presented in Fig. 9.4, the slope is not constant and decreases with the 
increase in stress. However, for a stress increment (Ag') , (a v ) can be 
considered constant. 
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Fig. 9.4 Change of void ratio with change of 


9.5 Coefficient of volume compressibility (m v ) 

The volumetric strain due to a unit increase in stress is called the coefficient of 
volume change (m v ). Thus : 


m v = 


-sV 

Ad' 


where: 


v 


volumetric strain 


or: 


AV 


Ae 


rm 


Vi (l + Cj) 
-Ae 1 
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m v = 


(l + ej) 


(9.4) 


(9.5) 

(9.6) 

(9.7) 


For one-dimensional consolidation, i.e. constant, area, s v = e a , where s a is the 
axial strain. Thus : 


-s a - AH 1 

m v =-=- 

A a' H A a' 


(9.8) 


where: 

AH = change of height due to consolidation under (Act') 
H = original height. 
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9.6 Relation between void ratio and logarithm of effective stress 

If the stress (ct') is plotted as abscissa on a logarithmic scale and the void ratio 
as ordinate, the virgin curve become a straight line, as shown in Fig. 9.5. The 
empirical equation of the line is : 

e = ej -c c log .( 9 - 9 ) 

a i 



Fig 9.5 The (e - log c') relation 


where C c is a dimensionless value representing the slope of the linear portion 
of the stress-void ratio curve on a semi-log plot, and is termed the compression 
index. 

The expansion or swelling curve can also be considered a straight line on a 
semi - log plot and the numerical value of its slope is termed expansion index 

(u^VI (C e ), Fig. 9.6: 
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Fig. 9.6 Calculation of the expansion index 
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9.7 Terzaghi's Theory of Consolidation 
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Terzaghi (1923) presented a mathematical theory for one dimensional 
consolidation. The main assumptions used in this theory are : 

(a) The soil is homogenous and fully saturated. 

(b) The soil particles and water in voids are incompressible. 

(c) Darcy's law of flow of water through soil is valid. 

(d) The coefficient of permeability is constant. 

(e) The soil is laterally confined so that the resulting compression is one 
dimensional. 

(f) Excess pore water drains out only in the vertical direction. 

(g) The effective stress - void ratio relationship is linear. 


The rate of volume change of a soil element dx, dy, dz due to flow of water in 
the voids is: 


dV 
d t 


( 9 9 9 "\ 

, d~h . 5 z h , 0 -h 

k x —- + k v ——+ k 7 —- 


V 


dx' 


2 
dy 


a z 


dxdy.dz 


(9.10) 


For steady flow, i.e. no volume change due to the flow of water, the left hand 
side of Equ.(9.10) is equal to zero. Thus in the case of two dimensional flow in 
isotropic material, we get Laplace equation : 


d 2 h | d 2 h 
dx 2 dy 2 


For transient flow the left hand side of Equ. (9.10) is not equal to zero. The 
change in the volume of the soil element is due to escape of pore water when 
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the element is subjected to sustained stress. In one dimensional consolidation, 
water flows in one direction only, and Equ.(9.10) reduces to : 


5V 

at 


- k z 


a 2 h 


8 /‘ 


dx.dy.dz 


(9.11) 


Since soil particles and pore water are assumed incompressible, the change of 
volume of the element will result from the change in the volume of voids (Vv). 
Then : 


V v = —^—dx.dy.dz 
e +1 

av 3V v _ a e dx.dy.dz 

at at at i+e 


(9.12) 


Note that (dx.dy.dz) / (1+e) is constant since it is equal to the volume of the 
solids. Now, substituting for dV / d t from Equ. (9.12) into Equ.(9.1), then : 


a e dx .dy .dz 
at 1 + e 


- k z 


a 2 h 


a z - 


dx.dy.dz 


1 ae , a 2 h 

-•— = k z -- 

1+e at 3z 2 


(9.13) 


The excess hydrostatic pressure (u) which cause the water to flow is given by : 


u = Yw • h 


(9.14) 


Substituting for (h) from Equ. (9.14) into Equ. (9.13): 


2 

i a e _ k z a~u (9.15) 

1 + e'at y w 3z 2 

When the applied load is sustained, the consolidation which occurs results in 
gradual decrease in (u) and a corresponding increase in the effective (c'). 

Thus : 


a u da' 
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It has been shown that: a v = 


Ae 

Act' 


, therefore: 


3u 
d t 


d e 
d t 


Substituting from Equ.(9.16) into Equ.(9.15): 


3u 
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1 + e 3t 


YW d: 


1+e 3“u 


3 u 
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where : _ k z 


1 + e 
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Yw a v Yw m v 


(9.H) 


(9.17) 
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C v is called the coefficient of consolidation (^-£1' lU*^), and its value is 
governed by both the permeability and the compressibility of the soil. The last 
equation can be put in the from : 

k v =C v -m v -y w .(9.1 A) 

Equ. (9.17) is the fundamental differential equation for the one dimensional 
theory of consolidation. A solution for this equation for the simplified 
condition shown in Fig. 9.7 is given as follows : 
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Fig. 9.7 Pore water pressure dissipation during consolidation 
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where : u z ^excess pore pressure at depth (z) at any time (t). 
N = positive integer. 

T v = dimensionless parameter. 


T v is called the time factor (t>jl' defined by: 


T 

A v 


c v .t 

d 2 


(9.19) 


(9.20) 


where : d = length of the drainage path M J-^). 

The value of d = H/2 where a soil layer of thickness H is drained from both top 
and bottom ends, and d = H where a soil layer of thickness FI is drained from 
one side only. 

At any given time t the distribution of the excess pore water pressure can be 
calculated using Equ. 9.19, and plotted as shown in Fig. 9.7. The resulting 
curves are called isochrones. 


9.8 Degree of consolidation U z at depth z and time t 

The degree of consolidation ^P) U z is defined as the ratio of the 

vertical settlement of the soil element, at depth z and time t, to its final 
settlement, i.e.: 
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Soo 


m v .(Aa') t .H _ (Aa') t _ Aa-(Au) t . (9.2^) 

m v( A °')oo H ( Aa ')oo Aa 


For the case shown in Fig . 9.7, A u G = A g , then : 


U 7 = 


( Au ) 0 -( Au )t =1 _ ( Au )t 


( Au )c 


( Au )c 


(9.2V) 


Thus the distribution of U z across the depth is similar to the distribution of the 
excess pore pressure U z , with the values of U z calculated from Equ. 9.22. 


9.9 Average degree of consolidation (U) 

The degree of consolidation at any depth is normally not of practical interest. 
It is more convenient to work in terms of the average of consolidation (U) 
when determining the change in the thickness of the soil layer as a whole. (U) 
is defined as : 


U% 


st of the layer 
Sqo of the layer 


At any time t, the change in the thickness of a soil element is: 


AH = m v . Ag' . A z 


(9.23) 


Integrating between the limits 0 and H, the settlement (s) t of the lull thickness 
of the soil layer at time t is obtained. Then : 

H 

s t = I m v ( Ac - u z) dz 
0 


= m v 


f 


H 


Ag • H - J u z . dz 


0 


\ 


y 















188 Consolidation of soil 


Substituting for U z from Equ. (9.19), and integrating: 


St = m Aa H 

1 Y 


g N=oo 

*—2 1 
N=0 


(2N + 1)^ 


-(2N + 1) 2 ti 2 


. Tt 


At time t = oo, the final settlement Soo is given by: = m v Aa H 

-(2N +1) 2 7i 2 


Thus : U % = 


g N = oo 
71 N = 0 


(2N + l)" 


.Tv 


TOO -(9.24) 


The relationship between U and T v expressed in Equ. (9.24) is given for 
different cases, as shown in Fig. 9.8, by different corresponding curves. 
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Fig. 9.8 Solution of one-dimensional consolidation 
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The relationship given by curve (a) can be represented by the following 
empirical expressions: 

For U < 52.6 % : T v = (tt/4). U 2 . ( 925 ) 

For U < 52.6 % : T v = - 0.9332 log 10 (1 - U) - 0.0851 ....(9.26) 

Referring to Fig. 9.8, it should be noted that the area under an isochrone at a 
certain time (t) represents the amount of consolidation still to be undergone by 
the soil layer at this particular time. The total consolidation is represented by 
the total area of the initial excess pore water stress distribution diagram. 

Therefore, the average degree of consolidation (U) at time (t) can be 
determined from : 


r 


Area under isochrone at time (t) 


U% = 1 


x 100 ....(9.27) 


V 


Area of initial pore water pressure diagram y 


9.10 Consolidation test 
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In order to determine the compression characteristics of a soil, a consolidation 
test is carried out in an apparatus called oedometer Fig. 9.9. 




Fig. 9.9 The oedometer and loading frame 


9.10.1 Procedure 

The soil specimen is placed in a metal ring and porous stone discs are placed 
on the top and bottom of the specimen. The test specimen is allowed to 
consolidate under a number of increments of vertical stress, each stress being 
maintained constant until the compression ends (usually 24 hours). The stress 

9 

usually employed are 0.25, 0.5, 1, 2, 4, 8 kg/cm“. The readings of the vertical 
compression of the specimen are recorded against time (readings are usually 
taken at 0.5, 1, 2, 4, 8, 15, 30 min, and 1, 2, 4, 8, 16 and 14 hours). 


9.10.2 Calculations 

(a) Determination of the coefficient of consolidation (C v ) 


(i) Taylor 's method : 
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This method is known as the square root of time fitting method. The 
compression readings are plotted against (V t). The upper portion of the curve 
is theoretically a straight line which is extended upwards to determine the 
initial value of compression at the beginning of the consolidation process, and 
also extended downwards to meet the x - axis, Fig. 9.10. A line with abscissa 
1.15 times that of the first straight line is drawn from which t 90 (time for 90% 
consolidation) and H90 (height of specimen at 90% consolidation) are 
obtained. The Coefficient of consolidation C v is obtained from : 


Ty(90) 


^•*90 

(d90) 2 


(9.28) 


For the drainage conditions described for the oedometer T v = 0.848, and 
d9o=(H9o)/2. 



Fig. 9.10 Square root of time fitting method 


(ii) Casagrande's method : 

This method is known s the logarithm of time fitting method. The compression 

readings are plotted against logio t. The values of Flo, FIioo and FI 50 are 
determined as shown in Fig. 9.11. 




















192 Consolidation of soil 



R 1 

R f 


Log - time 


ti t2 — 4 ti 


Fig. 9.11 Logarithm of time fitting method 


The coefficient of consolidation C v is determined from the following equ.: 


C v .t50 


(9.29) 


T 


v(50) 



(b) Determination of coefficient of volume change (m v ) 

The coefficient of volume change is determined by knowing the void ratio at 
the end of each stress increment. Let Ho be the initial height of the specimen, 
and cross sectional area A . The final height of the specimen at the end of the 
test is determined from : 


H f =H 0 -(AH) f 


where (AH) f is the total change in the height of the specimen measured by the 
dial gauge, at the end of the test. Now, by determining the final water content 

of the specimen (wf) the final void ratio is determined by : 
e f =G s . Wf 

The void ratio at any stress increment can be calculated by knowing the 
difference in specimen height AH = H - Hf and applying the relation : 
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AH _ Ae _ e~ef (9 30) 

Hf 1+ef 1+ef 

Calculations are processed backwards, i.e. from last to first stress increment, 
and all the void ratio at all the stress increments are obtained. The results are 
tabulated as follows: 


Applied 

stress 

g ' 

Final 

dial 

reading 

AH 

mm 

H 

mm 

A e 

e 








Now, m v can be calculated from any stress increment from the relations: 


m. 


Ae 


1 


m v = 


1 + ej a'-a'j 
AH 1 

H7 CT'-CTj' 


or: 


(9.31) 


(c) Determination of the coefficient of permeability (k) 

The coefficient of permeability (k) can be calculated from the relation: 
k = C v .m v . y w 


(d) Pre-consolidation stress ( cf c ) 

When a soil is removed from the ground, loads are reduced, therefore when 
the sample is tested in the consolidation test, the first part of the e-log a curve 
actually corresponds to recompression. It is therefore important to determine 
the in-situ previous consolidation stress from the laboratory e-log c' 
relationship. An empirical method is as follows: 
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Fig. 9.12 Determination of the preconsolidation stress 


(a) From the e-log plot determine the point of minimum radius (A), Fig. 
9.12. 

(b) From (A) two lines are drawn one tangent to the curve and the other 
parallel to the log c' axis. 

(c) The angle (a ) between the two lines is bisected. 

(d) The intersection of the bisector and the extension of the straight portion 
of the plot is determined. The abscissa of the point of intersection gives 

the preconsolidation stress (c' c ). 

9.11 Field consolidation curve 

Ajjoijj jAxjj aX*. (ji 4mUH 4jjlll (jj£j 1 . ‘ 11 

^ t 4 U'a'dl < (JjAa leAj i 1.3a. 4jllc. dllc-l^ill 
IjaujXi 4aliuJl 4 jjj 1I Jc. Og Jitajj y nmjlH 
jaVlij (.lUnjlll 4_ilaC- "LjSujIj" (j| ^aC-Xlij 

Y 4 Uqi — 4 .a dltc. 1^3 4 ^ 4 * jj 
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jl Ju AajLlII dllajJall AJl jl jl j-a 'll AjjaII (jijjjj 151 
AajaII jl AajaII Jc. ditalgj^l £tAjLi jc- (JISas e.Lij'i! 
LM AajaII o5a j-a aaac. y'j't'ii d Ale. . Ljalc. L<uc.Jii A-ae-Aa 
1 g W -SJ La-a jL-oll Jl (jAaiLljai ( (J 0 ) 1 Jr. ^Jl Og >11 
jljLkl J -A. lJ3t.ll LlaAsA ,1‘iC. j — y A Lai _ jUlii (jiaili 
Ijlaaa .S-vl'iin Clllc.(jiH Aa.ij.i 1 j j Jl j)AA AiilaJl jli ^sAC-Aill 
.igJl saIaj llLili Cilc-ljill Ajmi Aas jj»vi 
dila. _ A»j J\1 ^ A tit 11 Je. Jl jli (Jlaiill A-aA3 Jl A^aJI 
Ai^tll j-anai ^Jl — i A Lai _ oAaA «1 aaaV 1 J jAsAall Iaaa 
^ 1 ■ j 1 jLuiall (jail Clllcljill AAjaiAj j ^ 11 JajIc-jI jAA 
jlliHt jli ^ac-AaII AajIc. Ajja!( dillS 151 .. (j51 . X -1 

Ajjailj j Jl JajIc. jl (jAA AaIUjlII (JlaA jill i-v iall 
AajaII a" it jL jjj j-a ■ j ^ 11 £a lailjiia jj j. ,i a" l.C-ljill 

• ( cr 0 ) 

Jail Axj 1 Jr- Jl jli A^_J1 J Clll^^jAial JjaII (jlajaii A5 
oLiall c_jjjaiia jaIla jl Ajj^aII (jaljC- A^aaa ajauijaII AaLaC- 
jjfLjau AIaJI o5a (_^3j AasAA J Lila A-aliil jl AaSjJI 
Ag. Jl JajIcJ (jJJ AijjiJl (jl 51 
j ^ * -~»3l ^Ja. l&jLuia ^3 j-a'ij.ji'ij.j .1 


AlAial ^aAC.Ai]l £CJjIa1 


lilc. 1 jail Aajaa j 
Aktl Ag Jl 15a (Jaaii AaC-j — & A Lai _ Ajj!ill A] (jAajsji 
J jAi .' I Vw. "I A Wai ( J( J, -Ail 1 i,''.l an ! IjLuia AJlUjlII 
j >| 0 -A <, „ ^ ^ 1 ^ jlr- (J3ljll Og ->11 (jli AjjaII o5a (j-a AilC- 

(Jja-v'i Ale. j — V A L»a i — jLjla (jiallA 1 ^ W ^ j Laas jiAall ^11 
Aiuiij A^aJl (j aa AiliLtll (jli ^ac-AaII jlAiA.1 ^i AAaxII 
^ ^bla Clilc-ljall Ajtai AaS ja*aa IjLaa 5Al'i..' Cilc-ljall 
(JAja Aaui Jl A^asJI (Jja^aj JLa. A^asJI oAIaj 

J ALaxII Jc- Jljll 0$ >1 1 (j-a Jc-1 jAj) Ijl (Jji^ajll 
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^ Uni 

elite. I js\\ 



tjlnill.y >'l ^JJjtc. j] 


IA-3sJ _ A A ^ aIIaa ( ' ^ jAVnl d)3j 

jAj 11 ' Ha-4' jIuiaII J43A 3a1 J jLuiaII C—IjIjaa 

£CA jIa£ — Aa jaII CIaaIS 131 Ajli _ _ iA}]3jj \ — ^ JaiJI alALol 
(JlaA (jail ^ W '-41 C-Ulal jli (sA&3a]I AajLii — allbl^a.! 
^Jc.1 ^ -s ajc. (jjfLiia djlc-ljall Aiuijj a^sJI (jjj aJlAsJI 
A-Jl^Jl AjjaII <■"'' aJ1-1 jjj j^s - 1 '* -^1' j^s 


AlLaJl ^Aj , ^AC-AaH (_J<atS JAC- (jjf»ll a 1L^ Ljajl cdliAj 
ilia £ j2k jl LlHa. AJJaII (_53c- t^AS (jjfiA (^^aII 

(JAjAj jluA'Jl jl A.». uJ-ill (JaAA c“ IJ.h ^Aj j jj *■ ■ ^AjuiA 
,1 t" Aj LajL^. (Jl jj Ajr-^ll 13 aj AajIII ^acAj 

1/u Aa till Aaac. 


^iJl Jaj j.lg 1 1 (■ _ U n-t J (jl i' lyj (Jlji.'Jl ^3 .. LojaC. 

Ag ■>!' (jAA AALilaJ] JaaJI ( _ s Jj_<a'Jl jLuiaII (j-a (»A£.Aa 11 jG 

^ ^ ® — t — V* - Y — ^ jCaaII jAj , Cjlcljill A_1 uAj 

. Jiill LaS 

..jr. v;l l ^la_la j-IaBJ AaAA^I . A AaILaII d]La3*aall ^3 

AajaII ^-'g A^_aJI ^cajIa (j-a Aa^\a 11 Cll'JLail JiaJl 
(Jaa^a jag jl (jAa aa jl (jAtaJl jAlall jj5b (jl Ca^Ia*. 
CaIasaI ^^Jg LaLal C5 Jc Aaaxa (JjUl o3a . ^agAaII 
(jl i_) jLsaII jA AaAg JA 0Allaul (j31l ( ^ ^ G O j jIaa jaAau 
4 lalaal l AajaII CaIaasJj 4 Atw \ l ^4C-3 a 11 diLilaA-a 

(JaIaSa Aj^jia^ll (_5 Jpit A (JJliij lfr\A t Cu'l llx-allj 4 Ulaall J 
die. 1 jail Aauij j-a % t \ Jlja. C!aIc.1j3 AjumI Aic Igjtxoa. 

AjlaeJl 


Consider a soil element at depth (z). The element is subjected to an effective 
stress a' due to weight of soil above it. This stress, due to the overlying soil, is 
called overburden stress. Comparing between the overburden stress and the 
pre-consolidation stress, the stress history of soil can be visualized, and hence 
the field consolidation curve can be obtained. Three cases are to be 
considered: 


9.11.1 Normally consolidation clay fJcAill j3ig jjJall 

In this case g c ' = g 0 '. It was experimentally found that sample disturbance and 
remoulding of soil sample will cause decrease in the slope of the straight 
position of the e - log g ' curve. However, it was also found that the field 
curve, undisturbed laboratory curve, and remoulding laboratory curve intersect 

at a void ratio 0.42 e Q . Therefore, the procedure for finding the field 
consolidation curve is : 
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a. Determine on the undisturbed or remoulded curve the point corresponding 
to 0.42 e 0 , Fig. 9.13, point f . 

b. Determine point (a) corresponding to e G and c 0 '. 

c. Line a - f is the field consolidation line. 




Fig. 9.13 Determination of stress history 
and field consolidation curve 


For normally consolidation clays the compression index Cc for the field 
consolidation curve can be obtained for the following empirical relationship : 

C c = 0.009 (LL%- 10) .(9.32) 

where: LL is the liquid limit of the soil. 

9.11.2 Over-consolidated clay 

In this case the pre-consolidation stress in higher than the overburden stress, 
i.e., cr c ' > a„\ This occurs in nature due to a load that was exerted on the soil 
for a period of time then removed by weathering or man operations. Field 
consolidation curve is obtained as follows. Fig. 9.13 : 

a. Point b is determined, which corresponds to e G and log cr 0 '. 

b. Point f is determined on the laboratory curve, corresponding to 0.42 e Q . 

c. Point a is determined from the intersection of line b parallel to the average 
slope of the laboratory reloading curve and the vertical line corresponding 

to o c '. 
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d. The field compression curve is then b-a-f. 


9.11.3 Under-consolidation clay 

In this case the reconsolidation stress is found less than the overburden stress, 
i.e., ct c '< ct 0 '. This occurs when the element of soil not fully consolidated under 
the overburden stress, for example in the case of recent fill deposit. The field 
consolidation curve is obtained as shown in Fig. 9.14. It should be noted that 
when calculating the settlement in the field due to external loads, the 

consolidation due the difference between c 0 ' and ct c ' should taken into 
consideration. 



Fig. 9.14 Determination of field consolidation 
for under consolidated clay 

9.12 Consolidation Settlement 

If a compressible soil element of thickness Az is subjected to an increase of the 
effective stress Act', it will exhibit ultimate 

Consolidation settlement Asp where: 

Asf = m v • Act' • Az 

If both m v and Act' are constant for the whole layer of thickness (H), then: 
Sf=m v -ACT'-H .(9.33) 

If the layer is relatively thin and the stress varies linearly with depth, Equ. 9.34 
may be used for calculated the final consolidation settlement. The intensity of 
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stress at the mid-height of the layer is considered to represent a constant 
average stress increment for the layer and is taken as Ao'. Similarly, an 

average value of m v may be also assumed constant. Thus, if o'j and o'f are the 
initial effective stresses at the middle of the layer, mv will be the coefficient of 
volume change for the stress range o'j to o'f, and : 

Ac' = o'f — o'; 

If the intensity of stress Ac' varies non - linearly with depth, m v will also vary, 
and the final settlement will be obtained by integrating the following equation: 

H 

Sf = Jm v -Aa'-dz . (9.34) 

0 

This integration can be done as follows: 

a. Divide the layer into thin layers. 

b. The settlement of each layer corresponding to its average Ao' and m v , is 
calculated. 

c. To obtain the total final settlement, all the values obtained in (b) are 
added. 

This is presented graphically as shown in Fig. 9.15. 



Fig. 9.15 Settlement calculation for soil layer with varying 
increase of stress and varying m v 
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For normally consolidated clay, the final consolidation settlement may be 
calculated using the compression index C c as follows: 


sf _ Ae 
H ~~ 1 + ej 


Ae = 


C, 


Sf 


1 + ej 

C 


log 10 


1 + C j 


• H • log io 


aj + Act' 


cjj + Act' 


CT i 


(9.35) 


bjJ-Lo (Cc) eUL«Al UJ& (jl (9.36) Ajj fal J 
(jiAa ^Lill c. jJAt jlS Cli .(o'i + Act') c> 

‘ . '■ jl jj^s la--. 11 ^jC-All ^ W (Cc) 4-<u3 

'i (jlki J agjl Cl Lai .(9.33) <a2UJl (_>a CjjAj 

(C r — J* (Cc) (JAaAl jli ( G c ) djf“-aAl ^=dl 

(C e ) l 5jd-j cJ' reloading compression index) 

(jLkj J Og ->1 1 (_$Ao jl£ Cl j .(9.6) J v-ija^s jA La£ 

a-Jj.u-%.1 qAA J' AjJfll jli (o c ) (Jf-a-dl Og > 1' (J-iaJJ 
Aajliillj (o c ) Jl (o'j) t> -4*31 (jaA (C c ) <_W*AC JjVl 
. (g/ + Ag') J' (g c ) t> (C r ) <_U*AC 

(j-a (m v ) J Aljjj ( 9.34 ) ALlAl -ujjjAII cjCLu^dl j 

: JVl Jj-Jl 


Soil type 

m v - cm 2 /kg 

Very highly compressible 
Highly compressible 

Medium compressibility 

Low compressibility 

Very low compressibility 

0.1 

0.1-0.02 
0.02-0.005 
0.005-0.002 
< 0.002 


9.13 Secondary compression 
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It has been mentioned earlier that compression of clay takes a very long time. 
Two factors may be responsible for this time delay: 

(a) Hydrodynamic lag, or primary compression which is due basically to 
permeability which controls the flow of pore water. 

(b) Plastic lag, or creep. 


For many soils, secondary compression is neglected. For organic soils it may 
constitute a substantial part of the total 

The following Equ. is used to calculate the secondary ( As ) 

= C a . H .logio{(tlife -t p.c.j/ *p.c j . (9.36) 

where: 

C a = slope of the tail of the (AH - log 10 t) relation 
tlife = life time of the structure 
t p c = time to end primary consolidation 
H = height of soil layer 

Typical values of are given in the following table: 


Soil type 

C a - cm 2 /kg 

Organic 

Normally consolidated clay 
Over-consolidated clay 

0.03 

0.005 - 0.02 

<0.001 
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9.14 Examples 

(1) A consolidation test was carried out on a soil specimen 19 mm high. The 
field bulk density and water content are 1.83 t/m3 and 33.91 %, respectively. 
Results of the test are as following : 


ct ' = kg/cm : 

0 

0.1 

0.25 

0.5 

1 

2 

4 

8 

0 

Dial reading x 0.002 mm : 

0 

22 

70 

178 

342 

496 

648 

769 

625 


The final water content was 32 %. Draw the e-log relationship. Calculate C c , 

2 

and m v for stress range 0.5 to 1 kg/cm“. Take G s = 2.7. 

Solution: 

H f = 19 - 625 x 0.002 = 17.75 mm 
ef =2.7x0.32 = 0.864 
Apply the relation: 

AH _ Ae 
H _ 1 + e 

H-17.75 _ e-0.864 
17.75 ~~ 1 + 0.864 

.'. e = 0.105 x(H-17.75)+ 0.864 

From this relation the following table can be calculated: 


ct' 

kg/cm - 

Dial 
reading 
x 0.002 

mm 

AH 

mm 

H 

mm 

Ae 

e - ef 

e 

0 

0 

0.000 

19.000 

0.131 

0.995 

0.1 

22 

0.044 

18.956 

0.127 

0.991 

0.25 

70 

0.140 

18.860 

0.117 

0.981 

0.5 

178 

0.356 

18.644 

0.096 

0.958 

1 

342 

0.684 

18.316 

0.059 

0.923 

2 

496 

0.992 

18.008 

0.027 

0.891 

4 

648 

1.296 

17.704 

0-.005 

0.859 

8 

796 

1.538 

17.462 

-0.300 

0.834 

0 

625 

1.25 

17.750 

0.000 

0.864 
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Draw e-log a' relation: 


Notice that e 0 can be 
calculated from initial data, 
its value will be 0.976, and S 0 
will be 93.8 %. However, 
from the test, as the specimen 
gets fully saturated, back 

calculations gives e G = 0.995 
and S 0 = 92 %. 



From curve: 


1 


Cp = 


0.958-0.834 


log 


8 


= 0.1 


_ 0.958-0.923 1 

1 + 0.958 X 1-0.5 

= 0.036 cm 2 /kg 


Log c' - kg/cm 


2 


0.1 


10 
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(2) In a consolidation test with double drainage, the stress increment was 

9 

from 1 to 2 kg/cm“, the initial height of specimen was 19 mm and the dial 

reading at zero loading was zero. Calculate C v using both Taylor's and 
Casagrande's methods. 


Date 

Time 

Elapsed 

Time 

Min. 

Dial 
reading 
x 0.002 

mm 

21/2/90 

10 

00 

0 

552 




0.25 

625 




0.5 

635 




1 

652 




2 

678 




4 

712 




8 

752 


10 

15 

15 

783 


10 

30 

30 

802 


11 

00 

60 

817 


12 

00 

120 

825 


14 

00 

240 

832 

22/2/90 

10 

00 

1440 

846 


Solution: 


Casagrande' smethod : 

C v x3.9 
0.197= v 


( l-7577 2 


.'. C v = 0.035 cm" /min . 



Log. t - min. 


Taylor's method : 


0.848 


C v x 13.7 

( l-7436 2 


.'. C v = 0.047 cm" /min . 
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(3) A consolidation test was carried out on an undisturbed clay sample 19 mm 
thick, extracted from a clay layer 4 m thick. Under a certain stress increment, 
the sample reached 50 % consolidation in 20 min, when allowing double 
drainage. Find the time for 50 % consolidation in the field under the same 
stress increment assuming double, or single drainage. 

Solution: 


T v = 


Cv-t 


0.197 = 


C v x ( 20 ) 
1.9 7 

( T )2 


C v = 0.0089 cm“/min 


(a) For double drainage in the field: 
0.0089 x t 


0.197 = 


400 2 
1 2 J 


t = 1.68 year 


(a) For single drainage in the field: 

0.197 = 00089 r t 

(400) 2 
t = 6.74 year 


T 


19 mm 


t 5 Q = 20 min 













































206 Consolidation of soil 


(4) Two samples (A) and (B) were extracted from two clay layers. A 
specimen was prepared from each sample and tested in the oedometer. The 

specimens were 2 and 3 cm thick, respectively. Under a stress range of 2 to 4 

2 

kg/cm - , the void ratios for specimens (A) and (B) change from 0.68 to 0.5 
and from 0.72 to 0.62, respectively. Furthermore, the time required to reach 
50 % consolidation for specimen (A) was one quarter of that for specimen 
(B). Find the ratio between the permeabilities of the two clay samples within 
the prementioned stress range. 

Solution: 


For specimen (A): 


0.197 


r 1 

W (A) X 4 


^ 0.788 2, • • 

C V /a\ =- cm /unittime 

( A ) t 

0.68-0.5 1 2 /, 

m vr a \ =-= 0.0536 cm z /kg 

V ( A ) 1 + 0.68 4-2 


For specimen (B): 


0.197 = 


C V ( B ) xt 

1 + 


.'. C 


0.443 2, • • 

cm / unit time 


V (B)- t 

0.72-0.62 1 


m v , D . =-= 0.0291 cm /kg 

V ( B ) 1 + 0.72 4-2 


0.788 


. k (A) _ C V(A)- mv (A)' y w _ t 


(0.0536) 


k (B) c V( B )- m v(B)- y w M^(o.0291) 


= 3.28 
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(5) The shown building is assumed to settle ultimately 12 cm. Measurements 
indicated that it settled 3 cm in the first month. How long would it take to 
reach 50 % settlement. What will be the settlement after 1 year. 



Time factor T v 


Solution: 


For t = 1 month : 


U = —= 25% 
12 


From curve T v = 0.06 


0.06 = 


c <) 

4 ? 

( T 


.’. C v = 2.88m2/year 


To find t 5 o : 

0.197 = 2 - 88x ^50 . t 50 =3 28month 

( A \ 2 


To find settlement after 1 year : 

T v = 2 ' 88 * 1 =0.72 .’. U = 86 % 

f4 y 

s = 12x0.86 = 10.3 cm 


Building 




Sand 


i 

' 4 m 

f 

Sand 
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(6) For the shown building and soil formation, calculate the average 
settlement of the building due consolidation of the clay layer. Use the 
approximate method for stress distribution in soil. 


Building 

15 x 22 m 

◄-► 


1.5 


4 4 

4.3 


7.3 


4 m 


Sand 


1:2 / 


Clay 


1.4 kg/cm’ 

G.W.T 


\ 1:2 


Solution: 


Sand: 

Yb = 1.79 t/m 3 
Ysat. = 2.1 t/m 


Clay: 
w = 40 % 
LL = 45 % 

G s = 2.75 


Tocalculatetheoverbyrdenstressat C.L.of theclay layer: 
e °(clay) = 2.75 x 0.4 = 1.1 

a '(clay) = X1 = 0-85 t/m3 

a 0 ' = 1.79x 4.3 + 1.1x3 + 0.85 x 2 = 12.657t/m 2 


The average stress increase at C.L. of the clay layer due to the building is 
calculated following the approximate method. 


.'. Aa' = 


14x15x22 


(15 + 7.8)(22+7.8) 
C c =0.009(45-10) = 0.315 


= 6.8 t/m" 


0.315 ^ , 12.657 + 6.8 11 ^ 

s =-x400x log-= 11.2 cm 


1 + 1.1 


12.657 
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(7) Calculate the settlement of points A, B, C and D at the foundation of the 
shown building due to consolidation of the clay layer. Assume that the 
foundation is ideally flexible. 


6 



Solution: 


Building 


, , , 2 
- l.° kg/cm 

± k±z 

Sand: 

Yb = l.AV t/m J 
_ G.W.T 

Clay: 

Ysat. = 2 - 05 t/m3 

- -y ” 

m v = 0.01 cm /kg 



B 


C 


D 


■ 5 ,6m , 5 . 

N-►N-—--W 



Find the stress increase (Act) at the C.L. of the clay layer under points A, B, C 
and D by using the Newmark chart. 

z = 4 + 1.5 = 5.5 m 

Draw plan for the building to scale: line AB = 5.5 m. From the Newmark 
chart find N for each point. Calculate the stress increase: 

Act = 0.005 x 1.5 xN. 

Then calculate the settlement for each point from the relation: 

S = 0.01 (Act) 300. 

Results are tabulated as follows: 


Point 

A 

B 

C 

D 

N 

39 

43 

76 

84 

2 

Act - kg/cm 

0.29 

0.32 

0.57 

0.63 

s - cm 

0.88 

0.97 

1.71 

1.89 
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( 8 ) The stratification at a site contains two clay layers, as shown in figure. It 
is required to construct an embankment of large width. For the given data, 
calculate the settlement of the embankment. 


Embankment 
(Very wide) 


Sand 



Yb = 1.9 t/m 

G.W.T 


Sand: y sat - 1.85 t/m'’ 



3 



Sand: y sal p 1.83 t/m 



Clay: 

C c = 0.48 
w = 46 % 
G s = 2.75 


Solution: 


Act = 1.9 x 4 = 7.6 t/m z 
e o (clay) = 2.75 x 0.46 = 1.265 

. 2.75-1 , „ , 3 

Y (clav) =-xl = 0.77 t/m 

' (ciay) 1 + 1 265 

For upper clay layer: 


cr 0 ' = 0.85x 5 + 0.77x 0.75 = 4.829 t/m z 

0.48 Kn , 4.829 + 7.6 lonc 

S 1 = "i— x 150x log-= 13.05 cm 


1 + 1.265 


4.829 


For lower clay layer: 

'=0.85x5+ 0.77x1.5+ 6x0.85+ 0.77x1.25 = 11.47 t/m 2 
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(9) A clay layer is consolidating in the field under the load of a temporary 

embankment. After 6 months a piezometer whose tip is at the centre line of 

2 

the clay layer showed a pore water pressure of 2.7 t/m“. For the given data 
determine the coefficient of consolidation of the clay. Also, determine the 
time which the clay layer will take for 90 % consolidation. 



Put: u = 2.7 t/m“ , Ac' = 5.64 t/m", z = 2 m : 


2.7 = 


4x5.64 N =°° r 1 


71 


z 

N=0 


[ 


2N + 1 


sin { 


(2N + 1)tt 


} x e 


-(2N + 1) 2 7T 2 
4 


& T v = 


CyXt 

d 2 (1)2 

2 


= 0.125 C 


v 


Assume different values of C v , calculate T v and substitute in the equation 

2 

above. By trial a value of C v = 3.17 m7year is obtained. 


_ 3.17xtqo 

4 ? 

( ) 

2 


tqo = 1.07 year 


Time for 90 % consolidation: 0.848 
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(10) The shown are three soil formations at three different sites. Results of 
consolidation tests on samples from the three layers at these sites are given. 
For each clay layer discuss the stress history and construct the field 
consolidation relationship. 





0.1 i io 

2 

Log ct - kg/cm 



0.1 i io 

2 

Log ct - kg/cm 



G s = 2.72 
e = 1 



Log ct - kg/cm 


Tested sample 


10 
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(a)a Q =1.7x4 + 0.8x2 + 0.9x2 
= 10.2 t/m 2 


1.9 


2.72 + e 0 

l + e o 


e 


o - 


0.91 


0.42 e 0 =0.383 

From curve: Clay is over consolidated 


Over - consolidation ratio =-= 2.94 

1.02 


<*o' CT c' 



Log ct - kg/cm 


(b)e 0 = 2.7x0.4 = 1.08 


2.7-1 

y su b =-xl = 0.817 

S D ‘ 1 + 1.08 

a 0 =1.72x1+ 0.817x6 = 12.6 t/m 2 
0.42 e 0 =0.45 

From curve: Clay is normally consolidated 



1 10 
Log ct - kg/cm' 


0.1 


100 
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, N 2 . 66-1 , 

( c ) Ysub. ~ y x 1 - 0.83 

c 0 = 1.65x12 + 0.83x3 = 22.29 t/m 2 
0.42 e 0 =0.42 
From curve: Clay is 
under consolidated 


G 0 ' G c ' 



Log cr - kg/cm 
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9.15 Problems 

(1) The following data were obtained from a consolidation test. Draw 
the e-log a relationship. Determine the compression and expansion 
indices. Determine also the values of the coefficient of 
compressibility and coefficient of volume compressibiiity for stress 

2 

range 1 to 2 kg/cm“. 


cr - kg/cm“ 

e 

0.1 

1.025 

0.25 

1.008 

0.5 

0.981 

1 

0.918 

2 

0.837 

4 

0.750 

8 

0.674 

2 

0.692 

0.5 

0.728 

0.1 

0.775 


(2) Given the results of a consolidation test carried out on a soil 
specimen. The initial specimen height was 20 mm, and the final water 

content was 18.16 %. Draw the e-log c' relation. Find C c , and m v for 

9 

stress range 1 to 2 kg/cm - . Take G s = 2.7. 


ct' - kg/cm 

R x 0.002 mm 

0 

0 

0.1 

752 

0.25 

835 

0.5 

944 

1 

1075 

2 

1413 

4 

1961 

8 

2613 

2 

2482 

0.5 

2371 

0.1 

2164 

0 

2052 
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(3) In a consolidation test with double drainage, the stress increment 

9 

was 1 to 2 kg/cm", the initial height of specimen was 20 mm and the 
dial reading at zero load was 0. From the given data, calculate the 
coefficient of consolidation using both Taylor's and Casagrande's 
methods. 


Date 

Time 

Elapsed 

Time 

min. 

Dial 
reading 
x 0.002 mm 

15/9/96 

8 : 00 

0 

460 



0.25 

586 



0.5 

596 



1 

601 



2 

610 



4 

624 



8 

650 



15 

659 



30 

682 


9 : 00 

60 

705 


10 : 00 

120 

724 


12 : 00 

240 

740 


16 : 00 

480 

752 

16/9/96 

8 : 00 

1440 

760 


(4) A building is constructed at a site where the underlying strata 
includes a clay layer 3 m thick. The coefficient of consolidation of the 
clay was found to be 1.78 x 10' 4 sec 2 /sec. Find the time for the building 
to reach 50 % of its settlement due to consolidation of the clay. 

(5) A consolidation test was carried out to investigate the probable 
settlement for a building causing stress increase from 1 to 2 kg/cnr at 
mid height of a clay layer 4 m thick. 

Data: 

Initial height of specimen = 2 cm 
Change of specimen height under 1 kg/cm = 0.2 cm 
Change of specimen height under 2 kg/cm = 0.236 cm 
Time for 50% consolidation for 1 to 2 kg/cm = 20 min 
Sample has double drainage. 

Calculate: 
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Sand 



4 

Flay cj 0 = l kg/cm - 

L 

4 m 



A a = 1 kg/cm 

r 



Sand 


(a) The coefficient of volume compressibility for stress change from 1 

9 

to 2 kg/cm“. 

(b) Ultimate settlement of the building due to consolidation of the clay 
layer. 

(c) Time for the building to reach 50 % and 90 % settlement. 


(6) The following data were obtained from a consolidation test : 


Initial height of specimen 

= 2 

cm 

Fleight after consolidation under 2 kg/cm“ 

- 1.782 

cm 

Height after unloading 

= 1.761 

cm 

Final water content 

= 34.6 

% 

Specific gravity 

- 2.7 



(a) Find the void ratio before and after consolidation. 

2 

(b) Find m v for stress change from 0 to 2 kg/cm“. 

(7) A saturated specimen of clay is 17.44 mm high, and its water 

9 

content is 31.2 % under a consolidation stress or 1 kg/cm". Increase of 

2 

the consolidation stress to 4 kg/cm causes decrease of the specimen 
height by 1.81 mm. Determine the compression index for the clay. 
Take Gs = 2.7. 

(8) Two clay layers A and B are 4 and 7 m thick, respectively. The 
time for 50 % consolidation for layer A is 3 months. Calculate the time 
for 50 % consolidation for layer B knowing that the coefficient of 
consolidation of layer A is twice that of layer B. Assume both layers 
have double drainage. 

(9) For the shown soil conditions, it was found that the building settled 3 
cm in 2 months. Find the ultimate settlement of the building. Find the 
time for 90 % settlement. 
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Sand 


Ysub. = 1 t/m 


3 


Cc = 0.31 

w = 41 % 

G s = 2.69 


(10) In a consolidation test the void ratio decreased from 0.92 to 0.774 

? 

under a stress increase from 2 to 4 kg/cm - . The coefficient of 

-9 

permeability for the given stress range is 9.4 x 10 cm/sec. Calculate the 

? 

coefficient of consolidation in nT/year. 


(11) A specimen 2 cm high reached 40 % consolidation in 20 min under 
single drainage condition. How long the clay layer from which the 
specimen is obtained will reach the same degree of consolidation, if it is 
3.3 m thick and drains from both sides. 


(12) For the shown soil formation, calculate the average settlement of 
the shown building. 



Building 

18 t/m 2 

1 1 1 

/ 

2 : 

t 

f 


▼ ▼ ▼ 

A 

5 

1 

_ 16 ~ x.2Q m_ H Sand <«— 

f 

A 

5 

y 

Clay 4 — 

r 


yd = 1.71 t/irf 


Ysat. 


1.9 t/m 3 


Gs = 2.7 
LL = 48 % 
w = 38.4 % 


Sand 


(13) For the shown e-log a' relationship obtained from a consolidation 

test, find the compression index C c , and the pre-consolidation stress 

2 

g c '. If the overburden stress is 1.20 kg/cm“, and the field void ratio is 
0.961, comment on the stress history of the tested soil. Construct the 
field consolidation relation and find C c (fteld). 
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0.1 1 10 100 



Log ct - kg/cm 


(14) A clay layer 2.3 m thick is consolidating under an average stress 

2 

increase of 1.1 to 2.2 kg/cm“. Find the pore water pressure and the 
effective stress for 70 % consolidation occurring at the centre line of 
the layer. Assume double drainage. 

(15) For a consolidating clay layer 8 m thick, drained from both sides, 

the initial void ratio is 0.94, the coefficient of compressibility is 0.042 

2 -9 

cm /kg, and the coefficient of permeability is 9.4 x 10 cm/sec. 

Calculate the coefficient of consolidation and the time to reach 50 % 

and 90 % consolidation. 


□□□ 
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